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1. Introduction

The Galactic X-ray source GX 9+9 was discovered by a soundioket flight performed in
1967 [1], in the direction of Ophiuchus. It is one of the biggt neutron star Low-Mass X-ray
Binaries of the atoll-type, so called for their distinctitvacks in colour-colour diagrams. GX 9+9
has a 4.2 hour modulation period that has been detectedhinkbatys [2] and the optical [3], which
is assumed to be the orbital period. The modulation and thedbeclipses imply a somewhat less
than 70 inclination angle to the axis of rotation. The companiomr &ahought to be a 0.2—-0.45
M early M-class dwarf [2, 3]. Single-component blackbodyypolaw or bremsstrahlung models
have been shown to be inadequate to describe the spectrumif{4pveral different two-component
models have been fit more or less successfully [5]. The distemcommonly quoted as 5 kpc [6],
but we show in this paper that it could in fact k€l0 kpc.

In the following sections we first describe the spreadingidlgeory, then present our observa-
tions and modelling method in Sections 3 and 4 respectidedguss the source distance in Section
5, and present the results followed by the conclusions iti@ec6 and 7.

2. Spreading layers

The spreading layer (SL) theory [7] is an alternative apginda the intermediate area between
an accretion disc and a neutron star surface, where théngfalasma loses about half of its energy
while slowing down. In the older boundary layer model (s&g 8] and the references therein),
the boundary layer is an extension of the geometrically dleretion disc into a radial flow. In the
spreading layer model, the matter starts spreading towhedpoles as it approaches the surface,
and loses energy due to turbulent friction with the undagyayers.

The width and thickness of the layer are expected to incredtbethe accretion rate and the
luminosity. The model turns out to have luminosity maximamghe outer edges of the radiating
zone, while at the disc plane there is a minimum. The optidhlick spreading layer produces
a spectrum with the shape of a diluted blackbody, which uetureprocessed emission from be-
low the spreading flow. This shape depends very little on #ntical structure of the layer, the
inclination angle of the system, or the luminosity [9].

Accretion disc

NS surface

Figure 1: The spreading layer (SL) geometry. Matter flows from the etbon disc onto the neutron star
surface and forms the SL, defined as the faster-rotatingtiag part of the spreading flové. is the boundary
angle of this zoneyp is the latitudinal velocity angy the rotational velocity.
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Church et al. [10] compared the spreading layer theory aadtundary layer theory with
the results of a survey of LMXBs. They found good agreemetth e former at low luminosi-
ties, but at higher luminosities the blackbody emissioreerled predictions by a factor of two to
four, suggesting that radial flow dominated the emittingpar@evnivtsev & Gilfanov [11] found
that the shapes of their Fourier frequency resolved spetitaminous LMXBs were luminosity-
independent, which was consistent with the radiation pressupported spreading layer model.
Suleimanov & Poutanen [9] developed the theory further aordpared it to some spectra from
[11], finding a soft excess possibly related to classicahidany layer emission.

Vilhu et al. [12] examined GX 9+9 spectra from 2003 and 200 gint of the spreading layer
theory. The results on the whole supported the SL theorgpior possible unexpected effects at
low SL luminosities. This work has been a continuation of][1@ confirm or rule out its findings
with a larger long term data set (and see Savolainen et al8(Zubmitted) for a more extensive
report).

3. Observations

For our data set, we sought out all available pointed obfensof GX 9+9 by the INTErna-
tional Gamma-Ray Astrophysics Laboratot TEGRAL [13] and Rossi X-ray Timing Explorer
(RXTB [14] satellites. For the former, the instruments used vtleeeloint European X-ray Mon-
itors (JEM-X) [15] 1 and 2 and théNTEGRALSoft Gamma-Ray Imager (ISGRI) [16]) — the
low energy detector of the Imager on Board thNEGRALSatellite (IBIS) [17]. FORXTE we
used the Proportional Counter Array (PCA) [18] and the Higiefgy X-ray Timing Experiment
(HEXTE) [19]. INTEGRALspectra were extracted over one Science WindowRXdEspectra
over a single orbit, producing a time resolution~0f3200 seconds. In the end, we reduced and
analysed 196 spectra, spanning 2002 May 1 to 2007 July 4.

4. Modelling

The spectral modelling was done irsKEG using the two-component model sometimes called
the Eastern model: the multi-temperature blackbddygkbb [20], [21] for the accretion disc
component and the partially Comptonized blackbedyrpbb [22] for the harder component, in
this case interpreted as the spreading layer. We also ied|I@&hlactic absorption with the neutral
Hydrogen column density fixed at the LAB survey [23] value dfdB- 10?2cm2, and a variable
energy-constant factor for instrument cross-calibration

Before fitting the individual spectra, averaged spectrdherdifferent instruments were fitted
together to establish a general picture and fix some of thenpeters. HEXTE and ISGRI values
were tied to the corresponding simultaneous PCA and JEMiXegarespectively. Fig. 2 shows the
averaged spectra, folded with the model, and the data tolatites, while Fig. 3 has the unfolded
model for the average PCA spectrum with its components. &tleaedy? was about 0.93 for the
averaged spectra, and on average about 0.96 for the indi\dégectra, using 2% systematic errors
for RXTEand 3% forINTEGRAL

In the di skbb component, the inner disc temperatuiigs were left free, while theNgisc
normalizations were tied to the most restrictive instruméme PCA, to establish a single value.
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Figure 2: Average spectra, foldetbnst * wabs(diskbb + compbb) model, and data/model ratios.
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Figure 3: Unfolded model fitted to the average PCA spectrum.

Tin [keV] Nbisc KT, KTe [keV] T Nst
PCA+HEXTE | 176795} 36'3 2.42109 00755 59703

JEM-X1+ISGRI| 0977951  Tiedto PCA | 169173312 218011 1271

JEM-X2+ISGRI| 1297557  Tiedto PCA | 1.6997001 2217317 4673
Individual fits | 1.78770502 Fixedto 363 | 2507505  Fixedto 0.0 5505

Table 1: Best-fit parameters of the average spectra, and averages bést-fit values of the individual fits
(bottom line). Ty, and KT are the inner accretion disc and spreading layer tempestespectively, while
Npisc andNg| are the corresponding normalizations.
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This is because we assumed the inner accretion disc radaiayt@onstant, and equal the neutron
star radius.

In the conpbb component, the spreading layer colour temperatufesnkrmalizationdNs.
and Comptonization optical thicknessewere left free, but as the PCA spectra strongly favoured
pure blackbody shapes with no additional Comptonizatiomas fixed to zero in the individual fits,
effectively rendering onpbb into a basic area-normalized blackbody. The ComptoniZiegten
temperature k was set to equal the blackbody temperature, as both Corzptam parameters
couldn’t be meaningfully constrained simultaneously.

As can be seen in Table 1, thdTEGRALspectra favoured rather different values than the
RXTEspectra, which were used to fix the values because of thatetigonfidence limits.

5. NS/ inner discradius and the distance of GX 9+9

To calculate luminosities, we have to assume a value for idgtarcte. We can estimate this
from the normalization we get for the accretion disc compﬂnéGﬁ%. Fig. 4 (a) shows the
distance-inclination relation for these values, for thdd&erent inner accretion disc / neutron star
radii. One can see that the commonly assumed distance of & kpoonsistent with the absolute
upper limit imposed on the inclination by the lack of eclipsé4—77. Schaefer [3] further reasons
that the lack of significant dips in the light curve impliesiadlination less than- 70°.

Inclination [°]

Thick disc S
(b)

Figure 4: (a) Inclination versus distance fdipisc = (Rin/D10)°COSi = 365 at three different values of
R~ 1.19R;, (curves). The horizontal lines are the maximum inclinagiomthe case of a 0.2 or 0.45M
secondary, 77and 74, while the vertical dashed line denotes the distance &fl kpc, where the high end
of the luminosity distribution calculated from the models surpasses the Eddington limit. The region of
acceptability is shaded; (b) Suggested locations of GX 9efgthe line of sight (white dots) and a cross
section of the Galactic environment [24].
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On the other hand, distances larger than 11 kpc are incgdasinlikely, as the binary would
be further and further away from the Galactic bulge, andutsihosities increasingly above the
Eddington limit. Therefore, we assume a distance of 10 kjag. 4(b) shows roughly where these
distances would put GX 9+9 in the Galactic environment.

6. Results

Fig. 5 is a colour-colour diagram of GX 9+9, showing it coteigly occupies the so-called
banana state. The earliest of ®RXTEobservations, from 2002 May and June, show the strongest

correlation. The grey area represents the atoll sourcardf28], and is shown to illustrate general
atoll source behaviour.
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Figure5: A colour-colour diagram of GX 9+9. The grey background isgdd from [25], and illustrates
general atoll source behaviour.
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Figure 7: Best-fit spreading layer parameter values vs. time (MJDkTa (b) N_SL.

Fig. 6 shows the relative luminosities of the two model comgiis. The correlation is
drowned out by variations in the total luminosity, for a sl@apart due to orbital modulation. An
exception are the earlieRXTEobservations from 2002 May and June, where the disc luminosi
was almost constant.

Fig. 7 illustrates the temporal evolution of the spreadmgel parameters.Tkstayed at- 2.5
keV all the way from 2002 May to 2007 July. The tighter conficketimits of theRXTEresults
(mostly within the symbols) imply that there was signifidghéss variability than théNTEGRAL
results would suggestNs; showed more short-term variability even in tRXTEresults. Any
possible long-term trend is blotted out.

Fig. 8 shows the observed SL temperature as a function ofltHarSinosity. For the most
part, it stays rather constant at a level comparable to tligngtbn temperature, which is 1.9
keV for a 12 km, 1.4 M, neutron star. This is what we would expect from spreadingridtyeory,
and also consistent with observational findings for othersss, such as in [11] and preceding
papers.
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Figure 8: Observed SL colour temperature vs. SL luminosity. Also shawe best-fit power laws
(x?/dof ~ 2.7) and the Eddington temperature for spherical emission.

However, there is indication of a rise toward lower lumitiesi that is not accounted for by
the theory, and which was also seen in [12]. It's not as stiamgome of théNTEGRALpoints
would suggest, but the best-fit power law curve may undeness it.

We also estimated the angular extent of the spreading layerfanction of its luminosity,
using the observed normalization. As shown in Fig. 9, the-fiegower law index that we get is
close to unity, as opposed to 0.8 predicted by theory [7]. However, this should be considere
inconclusive due to the approximations used. The norntaizaives us the projected area of the
visible radiating zone; from this alone we couldn’t deduc¢hban upper and a lower boundary
angle, but had to assume the radiating zone starts from #eepttine, even though most of the
radiation should come from near the outer edges. We alsdtdidoount for relativistic light
bending, which allows us to see some angular distance ipt@atthemisphere.

The geometry of the approximation is depicted in Fig. 10. praected ared\g, in red in
Fig. 10 (b), is found at higher inclinationsand moderate SL anglésto be close to

TiR? T— 20 sini 1_ . . Rsin@sini
ASL— 2 —< 27_[ TIRZ—Z(ERSIHGSIHIW>>

mR? . nR2Rsin@sini
+——CO0SI —

> - m cos6 cosi

Using this,Ns; was solved to single decimal accuracy and compared to cligmug to findo:

RZ /@sini  sirf@sirdi  cosi sin@ sini
e |

= — — — 6 cosi
D\ m +7Ttar|(63|n|)+ 2 2tar(95|n|)COS cos!

R=12 (km),D10= 1.0 (= 10 kpc) and = 69.0 (°) were used for the calculations.
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Figure 10: The geometry of the projected visible spreading layer appacximation. (a) cross-section side
view; (b) observer view.

7. Conclusions

Presuming that the model is valid, GX 9+9 may be twice asulists previously thought, of the
order of 10 kpc instead of 5 kpc. The Comptonization parareetere found to be unnecessary,
the hard spreading layer component of GX 9+9 could be fittetl wibasic blackbody. The SL
blackbody parameters varied on time scales of a few hourays, dut showed no clear long term
trends.

There was an apparent increase in the observed SL tempesdtlow SL luminosities, un-
accounted for by theory. The possible causes are an acdaahrihe effective temperature due to
effects not taken into account in the theory, an increasedrmardness factor, which is the ratio be-
tween the observed and effective temperatures, or perhagesiadown of one or more of the basic
assumptions at the lowest luminosities reached by the so@therwise the results are consistent
with the spreading layer scenario, but this work does ne&t oult other alternatives.
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